Castanea sativa Mill Fruiting phenology
Introduction
Portugal has the largest area of chestnut trees (Castanea sativa) in the European Union (Anonymous 2006) . The widespread range of chestnut trees in this country is mainly related to the cultivated varieties in grafted orchards for fruit production.
Forest that produces high-quality timber is scarce and represents less than 10 % of the total Portuguese chestnut area (Anonymous 2007) . Although chestnut is cultivated all over Portugal, it is in the coldest areas in the north (The Trá s-osMontes region) that it is most important. In 2006, approximately 85 % (25 644 ha) of the 30 097 ha of Portuguese chestnut tree area was in the Trá s-os-Montes region (Anonymous 2007) . The European chestnut tree, as a nut and timber producer, plays an important role in the economy of the Trá s-os-Montes region. Chestnut wood is one of the preferred choices in making high quality furniture. The nuts constitute the most important export product of the Portuguese fruit sector (Anonymous 2007) . Additionally, over the last decade another important income associated with these trees has emergedthe collection and commercialization of wild edible mushrooms growing in chestnut stands. Despite the poor knowledge of their biodiversity, ecology or sustainable management in those regions, mushroom harvesting is increasing, mainly due to their economic importance to local populations. Considering the species most frequently commercialized in the region (Amanita caesarea, Boletus edulis, B. aereus, Cantharellus cibarius, Hydnum rufescens and Calocybe gambosa), small-scale studies indicated that the average total income can reach 134 V ha À1 y À1 (Baptista et al. 2007 ).
C. sativa establishes ectomycorrhizal (EM) associations with a number of fungi (Harley & Harley 1987) . Positive effects for the chestnut plant were verified after mycorrhization with the EM fungi Pisolithus tinctorius (Martins 1997; Martins et al. 1997) , Laccaria laccata, Hebeloma crustuliniforme, H. sinapizans and Paxillus involutus (Branzanti et al. 1999) . These associations promote increased availability of mineral nutrients, growth and productivity of chestnut plants, and exert a protective effect against root pathogens (Martins 1997 (Martins , 2004 Martins et al. 1997; Branzanti et al. 1999) . Several cultivation practices have been linked to the recent decline of chestnut tree, for example, soil tillage contributes to the appearance of diseases such as chestnut ink disease, caused by Phytophthora spp., and chestnut blight (Cypthonectria parasitica) . Since several EM fungi seem to exert a protective effect against root pathogens (Branzanti et al. 1999; Martins 2004) , knowledge of the EM fungal diversity associated with chestnut trees at a local scale will provide important information for management decisions in the ecosystem. In Portugal, and specifically in the Trá s-osMontes region, lack of information on the diversity, abundance and fruiting pattern of EM fungi associated with this ecosystem, hinders development of new management practices.
Despite the symbiotic association between chestnut roots and some soil fungi having been previously described, knowledge about diversity of EM fungi, their ecology, or sustainable management in chestnut stands is scarce, only short-term monitoring having been performed. To our knowledge, there have been only two long-term studies in chestnut coppices, comprising a period of 18-y in Greece (Diamandis & Perlerou 2001 ) and 4-y in central-southern Tuscany (Italy) (Laganà et al. 2002a) . Another study was performed during only one fruiting season in Romania (Chira & Chira 2003) . The identification of fungi in these studies was entirely based on their sexual reproductive structures, visible to the naked eye above ground. Surveys of EM fungal carpophores does not adequately reflect the below ground EM fungal diversity because some species lack carpophores or have a sporulating strategy that is disproportional to their underground abundance (Gardes & Bruns 1996a; Horton & Bruns 2001) . Despite their limitation, fruitbody surveys are considered the primary basis for documenting fungal diversity in a stand (Smith et al. 2002) since they can be easily identified at the species level (Richard et al. 2004 ). In addition, fruiting patterns, which allow for a comparison of current and historic carpophore data, constitute a valuable tool for management and conservation strategies (Molina et al. 2001; Richard et al. 2004) . Carpophore surveys can also provide insight into the characteristics of fungi and may explain their habitat segregation (Matsuda & Hijii 1998) .
The present study aims to provide information on the macrofungal community (EM and non-EM fungi) associated with sweet chestnut tree in the Trá s-os-Montes region (Northeast Portugal). A systematic survey was done over four consecutive years, from 2002 to 2005, in a chestnut orchard and the diversity (species richness and abundance), frequency of occurrence of macrofungal species and their fruiting phenology were studied. The changes that occurred over time in the macrofungal community was analyzed and related with climatic conditions (temperature and rainfall).
Methods

Study area
The study was conducted in a 100þ-year-old non-tilled C. sativa orchard (about 1.5 ha of surface), located in OleirosBraganç a (NE Portugal) (41 51 0 15 00 N, 6 49 0 20 00 W, 915 m a.s.l.) in the Natural Park of Montesinho (Fig 1) . The orchard encompassed a range of shrubs frequently associated with chestnut trees, dominated by Genista sp. and Ulex sp. The only anthropogenic disturbance during the research period was due to chestnut picking each Nov. For facilitating this process, the current practice performed by locals is to remove soil debris with forks. The prevailing climate of the area is sub-continental with long cold winters and short, hot and dry summers. The average annual rainfall ranges from 1000 to 1200 mm, about 90 % occurring between Oct. and Apr. The annual mean air temperature was 10-14 C, with temperatures ranging from 0 C (mean Jan. minima) to 28 C (mean Jul. maxima) (Agroconsultores & Coba 1991) . The predominant soils are chromic dystric cambisols (according to FAO-Unesco-Isric 1988) derived from migmatitic and gneissic parent materials, and cover gentle to very gentle slopes (Agroconsultores & Coba 1991) . At a depth of 20 cm, the soil had a pH value of 5.3 and an organic matter content of 3.3 %. Total nitrogen (N) was 0.1 % while phosphorus (P 2 O 5 ) and potassium (K 2 O) contents were 8 ppm and 320 ppm, respectively. During the surveyed period, meteorological data were collected at a weather station 5 km from the studied area. Cumulative rainfall and average daily temperatures (mean, maximum and minimum) from 3, 10, 20 or 30 d before the sampling date were determined.
Fungal survey
The study was conducted in five permanent non-contiguous plots, 100 m 2 each, marked off by visible posts at each corner to facilitate sampling. 
Fungal identification and processing
Carpophores were counted and identified in the laboratory. Carpophores were identified to genus and in most cases to species using morphological features and appropriate keys and monographs including Marchand (1971 Marchand ( -1986 , Moser (1983) , Breitenbach & Krä nzlin (1984 , Alessio (1985) , Bon (1988) , Noordeloos (1988 Noordeloos ( -2001 , Candusso & Lanzoni (1990) , Bas et al. (1990 Bas et al. ( -2001 , Pegler et al. (1995 Pegler et al. ( , 1997 , Courtecuisse (1999) , and Courtecuisse & Duhem (2005) . Some specimens, especially from the genera Cortinarius, Inocybe, Russula and L. laccata, were examined with a compound microscope to confirm their taxonomic identification from spores and to estimate the number of species within each group. Taxonomic classification of species was according to Kirk et al. (2001) and fungal nomenclature was based on Index Fungorum (http://www.indexfungorum.org/ Names/Names.asp). In addition to taxonomic identification, carpophores were categorized according to their trophic group (ectomycorrhizal, parasitic or saprotrophic fungi). After drying in air-vented ovens at 30 C for 72 hr, representative voucher specimens were deposited at the herbarium of Escola Superior Agrá ria of Instituto Polité cnico de Bragança (Portugal).
Data analysis
Species richness, total abundance and relative abundance were assessed. Richness is the number of taxa collected each year and over all 4 y. Abundance is the total number of carpophores collected per species, whereas the relative abundance is the proportion of carpophores from each species in relation to the total number of carpophores recovered. Frequency of occurrence is given as the proportion of the number of days that each species was recovered to the total number of sampling days from Sep. 2002 to Dec. 2005 . Temperature and rainfall data were correlated with the number of species and total number of carpophores, from total or different trophic groups (ectomycorrhizal and saprotrophic fungi). All the Spearman correlation coefficients were determined using SAS v. 9.1.3. 
Results
Fungal diversity
During the whole study, 73 macrofungal species belonging to 16 families and 23 genera were identified (Table 1) . The families that contained the most species were Russulaceae (19), Cortinariaceae (14), Tricholomataceae (13) and Boletaceae (7), which together accounted for about 73 % of the total surveyed species. The greatest number of species belonged to the genera Russula (12), Inocybe (9), Lactarius (7), Tricholoma (6), Boletus (5), Cortinarius (5) and Amanita (5). The distribution of species by trophic groups revealed a dominance of ectomycorrhizal species (82 %) while saprotrophic and parasitic species were found in lower numbers.
A plot of the cumulative number of species over the four successive years appeared to be asymptotic and revealed that 80.5 % of macrofungal species occurring within the study plots were recorded (Fig 2) . The number of species collected during the present study varied between years, with most in 2002 (56 species) and 2003 (43 species) ( Table 1) . During the following years, the number of macrofungal species decreased, with least (12 species Overall the majority of species were ectomycorrhizal (EM), belong to the genera Russula, Inocybe and Cortinarius, but in 2005, the majority of species were saprotrophic, belonging mainly to the genus Collybia (Table 1 ). In total 2677 carpophores were harvested 35 % being from EM species L. laccata (324), H. crustuliniforme (308) and I. geophylla (303) ( Table 1) . As for species richness, the number of carpophores varied across the study's 4 yr, with the maximum in 2003 and the minimum in 2005, accounting respectively for 57 % and 5 % of the total recorded during the whole study. The most abundant species also varied between years. The EM species L. laccata, H. crustuliniforme and C. cibarius being the most abundant in 2002, 2003 and 2004, respectively , and the saprotrophic Collybia dryophila being most abundant in 2005, accounting for nearly 45 % of the total for that year.
Fruiting phenology
Fruiting phenology showed a bimodal pattern each year, with a peak from late May to Jun. (spring season) and another from Sep. to early Dec. (autumn season) (Fig 3) . The number of carpophores and species collected in the autumn fruiting season were higher than in the spring fruiting season during the entire study period, but especially in 2002 and 2003. The spring fruiting season is characteristically very short -approximately 1 month duration. In contrast, though varying between years, the autumn fruiting season is more extensive, the peak number of species occurring in Oct. or Frequency of occurrence H. crustuliniforme, I. geophylla, L. laccata and Russula lutea were most frequently collected with more than 17 %, 15 %, 13 % and 11 % of the total sampling dates, respectively. Forty-six percent of the total macrofungal species had occurred in a single year. During 2002 During , 2003 During , 2004 During and 2005 , an exclusive number of 20, 10, 3 and 1 species, respectively, were collected solely in those years. Only about 4 % of the species, L. perlatum, R. lutea and R. cyanoxantha, occurred in all 4 y, 25 % in 2 y and 25 % in 3 y.
Across all years 85 % occurred solely during the autumn season (Fig 4) . Only 11 species fruited in both spring and autumn and these belonged particularly to the genera Russula (R. cyanoxantha, R. lutea, R. odorata, R. risigallina, Russula sp.3), Lactarius (L. piperatus, L. volemus) and Boletus (B. aereus, B. edulis). Note, however, that these species (especially B. aereus, R. risigallina and L. volemus) were not always collected in both spring and autumn of the same year. Six species occurred more frequently in the spring than in the autumn season, especially C. cibarius, B. aereus and L. volemus, with a frequency of occurrence in the spring of 12.5 %, 2.5 % and 5 %, respectively, each comprising only 0.6 % of the autumn fruitings.
During the autumn season, the most common species were H. crustuliniforme, I. geophylla and L. laccata, found in more than 21 %, 18 % and 17 %, respectively, of the total autumn sampling over the 4 yr (Fig 4) . During the spring fruiting season, R. risigallina and C. cibarius were most common, both being found in more than 12 % of the total spring sampling over the 4 yr.
Influence of weather on carpophore formation
Correlation analysis, by determination of Spearman correlation coefficients ( Table 2 ), indicated that the rainfall that occured from 3 to 30 d before sampling date was highly positively correlated with both species diversity and productivity. By contrast, the mean temperature occurring 3 d prior to sampling date was negatively correlated with carpophore production and fungal diversity. There was no correlation with temperature for other time intervals (10, 20 or 30 d). Similar results were obtained for minimum and maximum temperatures (data not shown).
When considering the trophic groups, no differences in Spearman correlation coefficients were found between temperatures and saprotrophic or EM fungi, but differences were found with rainfall (Table 2) . Saprotrophic fungi displayed higher Spearman correlations values than EM fungi for all the time intervals studied. Additionally, for EM fungi the highest Spearman correlation value was with total rainfall occurring 30 d before sampling; whereas for saprotrophic fungi the highest correlation was with total rainfall that occurred 3 d before the sampling date.
Discussion
Fungal diversity
The present study, conducted from Sep. 2002 to Dec. 2005, is constituted the first systematically, long-term monitoring (seven consecutive fruiting seasons) of carpophore production in chestnut plantations. The high diversity of macrofungal species associated with sweet-chestnut plantations, 73 species belonging to 16 families and 23 genera with 2677 carpophores, is less than in previous studies in southern Tuscany (Italy) (Laganà et al. 2002a ) and in Greece (Diamandis & Perlerou 2001 ) (153 and 168 species, respectively), but greater than a study in Romania (25 species) (Chira & Chira 2003) . Several factors could explain this fact: differences in sampling methods, differences among (Smith et al. 2002) , composition (Ferris et al. 2000) , soil (Conn & Dighton 2000) and microclimate conditions. However, the exploitation patterns of the various chestnut stands were probably the main cause of the difference. The surveys in Tuscany and Greece were in chestnut coppiced for timber production, characterized by a high density of trees (Diamandis & Perlerou 2001; Laganà et al. 2002a) , as opposed to our orchard for fruit production with a low density of trees -12 m apart -and with greater anthropogenic influence, e.g. trampling of the orchard floor associated with mushroom harvesting. As previously reported (Egli et al. 2006) , trampling can reduce fruit body production to about 70 % and reduce the mean number of fruiting species per year. Although there were differences in species richness, the most common genera in our study were also commonly found in the few other studies in C. sativa stands, the genera Russula, Inocybe, Lactarius, Tricholoma, Cortinarius and Amanita being the largest in terms of species number (Diamandis & Perlerou 2001; Laganà et al. 2002a; Chira & Chira 2003) . In our study, the three most abundant species were ectomycorrhizal, namely L. laccata, I. geophylla and H. crustuliniforme, producing around 35 % of all carpophores. However, abundance of mycorrhizal mycelium and root tips may be different, as seen in studies examining the below-ground mycorrhizal communities using molecular approaches (Gardes & Bruns 1996b; Richard et al. 2005; Smith et al. 2007 ). The contrasting patterns are suggested to be a consequence of many fungal species being unable to produce fruitbodies or to produce inconspicuous ones. Other explanations include large differences in reproductive and explorative strategies among fungi. In addition, the optimum fruiting conditions for some species may not have occurred in the studied years. Despite these limitations, the current fruitbody survey is still a useful way to assess the fungal diversity in the chestnut orchard providing a general picture. Overall, at the genus level, three main patterns emerge: (i) species-rich and highly productive genera, e.g., Inocybe, Russula, Cortinarius and Tricholoma (about 44 % of the taxonomic diversity and 55 % of all fruitbody production), (ii) species-rich but unproductive genera, e.g., Lactarius, Boletus and Amanita (about 23 % of the taxonomic diversity and 5 % of all fruitbody production); and (iii) species-poor but highly productive genera, e.g., Laccaria and Hebeloma (about 5.5 % of the taxonomic diversity and 24 % of all fruitbody production).
Species of Russula, Cortinarius and Inocybe have frequently been described as dominant in several old-growth forests containing Pseudotsuga menziesii (Smith et al. 2002) and Quercus ilex (Richard et al. 2004) . Furthermore, those studies showed that the EM species L. laccata is one of the three most abundant species, as also seen in our study. The similarities between fungal taxa on these very different ecosystems may reflect the fact that they encompass species with diverse ecological requirements (Richard et al. 2004) .
From the total number of macrofungal species found in our study, 82 % were EM species and the remaining were saprotrophic (15 %) and saprotrophic/parasitic (3 %) species. A high percentage of EM species in chestnut stands has been previously reported in southern Tuscany (Italy) where 60 % of the 153 identified fungal species were EM (Laganà et al. 2002a ). Although we have only identified 73 species, the relative abundance of EM species should be considered high, since the cumulative number of species over the four successive years suggested that 80.5 % of macrofungal species that probably exist in this habitat were surveyed. The high percentage of EM species registered in our study could be due to the age of the chestnut trees, which was over 100 y old. The number of EM species present in a given ecosystem is dependent on the host plant's age (Mason et al. 1982; Dighton & Mason 1985; Kernaghan 2005) , increasing gradually with host plant age (Luoma et al. 1991; Keizer & Arnolds 1994; Smith et al. 2002) . Also, some studies on the succession of EM fungi have indicated that there are fungi that are characteristic of early-stage and of late-stage : 2002 (n [ 15), 2003 (n [ 60), 2004 (n [ 45), 2005 (n [ 45); spring fruiting season: 2003 (n [ 10), 2004 (n [ 15), 2005 (n [ 15) ].
agro-forest stands (Arnolds 1991; Matsuda & Hijii 1998; SennIrlet & Bieri 1999; Smith et al. 2002; Nara et al. 2003) . The genera Russula and Cortinarius are considered to be late-stage fungi (Matsuda & Hijii 1998; Nara et al. 2003) . Accordingly, these genera were the most represented in our chestnut orchard.
Fruiting conditions and phenology
In our study, species richness as well as number of carpophores varied between years. The decrease in number of species and carpophores from 2002 and 2003 to 2005 may be due to a variation of weather conditions, as previously suggested by other authors (Eveling et al. 1990; Laganà et al. 2002b) . In Portugal, particularly in the Trá s-os-Montes region, 2004 and 2005 were relatively dry years with a total rainfall from Apr. to Dec. of 330 and 315 mm, respectively. Previous years had nearly 450 mm for the same period. The weather impact on macrofungal fruiting was supported by the correlation analysis using Spearman coefficients. While the rainfall favored the diversity and productivity of fruit bodies, temperature (mean, maximum and minimum) was not highly correlated, though there was a significant negative effect between temperature in the 3 d preceding sampling and carpophores. The preponderance of EM species and carpophores collected in all the years except in 2005, when the saprotrophic, C. dryophila, was most abundant may result from different responses between EM fungi and saprobes to rainfall. C. dryophila was collected only in Oct., with a high number of carpophores recovered on two sampling dates in that month.
This was the only autumn month with high rainfall following dry conditions. This is supported by the results obtained from the correlation analysis, which showed that rainfall occurring 3 d before sampling has more influence on the fruiting of saprotrophic than on EM fungi. The response of saprotrophic fungi to rapid weather changes may be related to their mycelia being found in surface soil/litter, in contrast to mycelia from EM fungi, which is usually deeper in the soil or humus layer (Salerni et al. 2002) .
A major problem for the accurate definition of macrofungal communities in a particular site is related to carpophore production dependency on weather conditions and the sporadic fruiting of species (Ferris et al. 2000) . Weekly surveys throughout the fruiting season (autumn and spring) over the four successive years will reflect species richness at our study site better than shorter less intensive studies. Finding additional species in every subsequent sampling year from 2002 to 2005 (20, 10, 3 and 1 species, respectively), is in agreement with other studies that recommended long-term monitoring to assess fungal species (Vogt et al. 1992; Dahlberg et al. 1997; Smith et al. 2002) .
There was greatest fruiting (species and carpophores) during the autumn (Sep. to the beginning of Dec.) season and some fruiting in spring (late May to late Jun.), coinciding with the times of year when the temperature was mild and the rainfall abundant. This together with the correlation analysis, suggests that fruiting phenology of macrofungal species is directly related with weather conditions, especially with rainfall. Similar results have been reported by several authors (Eveling et al. 1990; Jennings & Lysek 1996; Jonsson et al. 2000; Laganà et al. 2002b; Salerni et al. 2002) , and climate change appears to be having dramatic effects on fungal phenology in the UK and Norway (Gange et al. 2007; Kauserud et al. 2008; Moore et al. 2008 ).
Frequency of occurrence
In our study, 46 % of the surveyed species occurred in a single year and only 4 % of the surveyed species occurred in all 4 y of the study, namely L. perlatum, R. lutea and R. cyanoxantha. The infrequent fructification of most fungal species is a common phenomenon (Arnolds 1995; Watling 1995; O'Dell et al. 1999; Smith et al. 2002 , Martínez de Aragó n et al. 2007 . Sporadic fruiting may be due to: (i) species fruiting in response to specific weather conditions; and (ii) species that fruit in intervals of 2 or 3 y, this being the periodicity regulated by biological cycles almost unknown (O'Dell et al. 1999) .
Most of the macrofungal species surveyed (85 %) have been collected exclusively in the autumn fruiting season, the others fruit in both spring and autumn. The species that occur in autumn probably have the highest need for precipitation and lower temperature needs than species that occur in the spring fruiting season. Biological cycles and the genetic background of species could also regulate fruiting season ability (Guinberteau & Courtecuisse 1997) . Furthermore, the physiological status of the plants may also have an influence on this phenomenon (Brundrett et al. 1996) , since the exclusivity of fungi fruiting in autumn was mainly observed in EM species. Further evidence for plants exerting control of fruiting in their Table 2 -Spearman correlation coefficients between number of species and sporocarps (total, ectomycorrhizal and saprotrophic), surveyed over the four-years, and mean temperature or total rainfall. These correlations were performed using the weather data collected 3-, 10-, 20-and 30- mycorrhizal partners comes from an analysis of a 50 y data set, which revealed that in the UK since 1978, fungi that are EM with both conifers and angiosperms now fruit later in autumn when associated with the latter, reflecting the fact that angiosperms now remain in leaf much longer (Gange et al. 2007 ). This same study revealed an increase in decomposer fungi fruiting in spring, which may reflect increased activity in winter and spring as a result of climate change (Gange et al. 2007; Moore et al. 2008) .
Conclusion
The survey has demonstrated that chestnut orchards provide a habitat for diverse macrofungal species not least EM species. Species richness and carpophore abundance fluctuates over time, which is likely related to weather conditions. The information obtained can be used as a baseline to discern future trends associated with climate change, and to interpret trends resulting from mushroom harvesting and management, and is therefore important for management, and conservation strategies and the conservation policy. Knowledge of the diversity and ecology of macrofungi can also be used as a bioassay of ecosystem health. In this context, there will also be a need to study the impact of mycorrhizal colonization on C. sativa sustainability and its resilience to natural and anthropogenic disturbance, such as water limitation or tillage practices.
